Heterointegration of thin layers obtained from freestanding GaN wafers by the Smart-Cut process faces major challenges due to strong wafer bowing. The post-implantation bow was found to range between ϳ40 and 60 m for 2 in. wafers, prohibiting any bonding of H-implanted GaN. Here, we demonstrate that stress engineering by back-side implantation is an effective strategy to manipulate the bow to meet the criterion of long-range flatness. Based on our approach, high-quality bonding of a 2 in. freestanding GaN wafer onto sapphire was achieved. An efficient method to transfer thin layers from freestanding GaN is proposed. Light-emitting diode ͑LED͒ solid-state lighting is one of the strategies toward achieving the reduction of greenhouse gas emissions and energy consumption. GaN and related material heterostructures have been the building blocks of LED-based devices.
Light-emitting diode ͑LED͒ solid-state lighting is one of the strategies toward achieving the reduction of greenhouse gas emissions and energy consumption. GaN and related material heterostructures have been the building blocks of LED-based devices. 1 These heterostructures also provide a wide spectrum of applications in data communications, sensing, optoelectronics, and biophotonics. However, the potential of these devices is still limited by the quality of the grown materials. Presently, GaN used in device fabrication is epitaxially grown on sapphire despite its poor lattice and thermal match to GaN. The densities of misfit and threading dislocations in GaN layers deposited on sapphire range typically from 10 8 to 10 10 cm −2 , whereby the efficiency of GaN devices is limited. High-quality GaN bulk substrates can be produced by hydride vapor-phase epitaxy growth of thick GaN layers on foreign materials 2 and subsequent separation from the substrate. The current cost of these freestanding ͑fs-͒GaN wafers is still so high that the concept of transfer of several layers from one fs-GaN wafer to appropriate host substrates by the ion-cut process 3 is technologically and economically highly attractive. The most critical step in this process has to do with wafer bonding. Several surface imperfections and flatness deviations of the fs-GaN wafer ͑so-called device wafer in general͒ can limit the bonding to small areas or even forbid the direct and spontaneous wafer-bonding process and can negatively affect the thin-layer splitting process. 4 One of the major problems faced in direct bonding of 2 in. fs-GaN wafers is the strong enhancement of the bow due to H implantation. 5 In this work, we present an approach to manipulate the implantation-induced bowing phenomenon. By strain engineering at the back side of the H-implanted fs-GaN wafer, we reduced the post-implantation bow to meet the bonding criterion of long-range flatness. Consequently, high-quality wafer bonding of the H-implanted 2 in. fs-GaN wafers to sapphire handle wafers was achieved. Based on our approach, we present an efficient and cost-effective process for fs-GaN bonding and, ultimately, layer transfer. This article focuses specifically on different issues related to the bonding process. The optimization of postbonding steps and characterization of the transferred layers will be addressed elsewhere.
Experimental ϳ300 m thick 2 in. double-side polished fs-GaN wafers were used in this study. Some wafers were subject to room-temperature H-ion implantation under the optimal conditions of ion cutting at the energy of 50 keV with a fluence of 2.6 ϫ 10 17 atom/cm 2 . 5 During ion implantation, the wafers were tilted by ϳ7°relative to the incident ion beam to minimize ion channeling. Under the selected implantation conditions, elastic-recoil detection analysis shows that the H-implantation depth is ϳ450 nm, with a concentration peak of ϳ13% around 320 nm. 6 The bow of the wafers was measured using a long-range DEKTAK 8 stylus profilometer on a length of 4.5 cm with a horizontal resolution of 3 m. The setup used had a height sensitivity of ϳ10 nm. Microstructural details of H-ion implantation-induced damage were obtained using cross-sectional transmission electron microscopy ͑XTEM͒. The XTEM measurements were carried out using a Philips CM 20T machine operated at 200 kV. In order to assess the lattice disorder in the implanted wafers, high-resolution X-ray diffraction ͑XRD͒ measurements were carried out using a Philips X'Pert MRD system with Cu K␣ radiation. The triple-axis setup consisted of a monochromator, sample, and analyzer. First, the sample ͑͒ and detector ͑2͒ were optimized to obtain the maximum intensity of the ͑0002͒ substrate reflection. Then, a coupled /2 scan was performed. This measurement was sensitive only to lattice planes perfectly parallel ͑Ϯ0.001°͒ to the substrate ͑0002͒ plane.
For bonding experiments, and prior to H implantation, a 100 nm thick SiO 2 layer was deposited on fs-GaN by plasma-enhanced chemical vapor deposition ͑PECVD͒. To prevent undesired outgassing from the PECVD oxide layer during subsequent heat-treatments of the bonded wafer pairs, the fs-GaN wafers were annealed at 850°C in N 2 atmosphere after SiO 2 -layer deposition. Oxidedeposited wafers were subsequently mirror-polished using chemomechanical polishing ͑CMP͒. The surface root-mean-square roughness was on the order of 0.2 nm/10 ϫ 10 m after CMP, ensuring the short-range flatness required for direct bonding. 4 The polished fs-GaN wafers with a SiO 2 layer and sapphire wafers ͑handle wafers͒ received a 15 min piranha ͑H 2 O 2 :H 2 SO 4 = 1:3͒ solution cleaning, followed by a deionized water rinse and N 2 gun dry. After these cleaning steps, the surfaces were terminated with the hydroxyl ͑OH-͒ groups necessary to initiate the bonding. 
Results and Discussion
During the implantation of energetic H ions, several physical and chemical processes take place, leading to a variety of radiation damage-related structures including interstitials, vacancies, hydrogen-point defect complexes, voids, and free hydrogen. 6 XTEM images of as-implanted fs-GaN wafers show a broad damage band extending over a 450 nm thick layer below the surface ͑Fig. 1a͒. High-dose H implantation does not lead to the formation of extended defects, platelets, or cavities as is the case for other semiconductors. However, our high-magnification XTEM images ͑not shown͒ evidenced the presence of spherical nanostructures decorating the damaged band. These tiny structures are attributed to va-cancy clusters and nanovoids, as confirmed by positron annihilation spectroscopy. 6 Typical XRD spectra of fs-GaN before and after H implantation are shown in Fig. 1b . The large peak resulting from diffraction in the undisturbed region is clear in the spectrum of H-implanted GaN at = 0. Additionally, we notice that H implantation creates a significant out-of-plane tensile strain, which is detectable as interference fringes extending from the left side of the ͑0002͒ GaN diffraction peak. The phenomenon of ion-implantationinduced lattice distortion has been observed for various semiconductors. [8] [9] [10] The radiation damage causes an expansion of the planes parallel to the surface, and to relieve the stress associated with this expansion, the wafer bends away from the implanted surface. As is addressed below, this radiation damage-induced strained layer has undesirable consequences on direct bonding of H-implanted fs-GaN wafers and layer-transfer technology.
Figures 2a-c display the profilometer measurements at the H-implanted N face of the GaN wafers for three different 2 in. wafers labeled A, B, and C. All wafers are dome-shaped with an initial bow ͑dashed lines͒ on the order of 9.9, 21.8, and 23.8 m for wafers A, B, and C, respectively. A spectacular increase in the bow is recorded after H implantation under ion-cut conditions ͑Fig. 2a-c, gray lines͒. We found that the post-implantation bow reaches 38.9, 59.7, and 62.0 m for wafers A, B, and C, respectively. This strong enhancement is a result of the in-plane compressive strain induced by high-dose H implantation, as evidenced by X-ray analysis ͑Fig. 1b͒. The average stress in the damaged layer can be approximately estimated from the bow measurements.
11 By analogy to a heteroepitaxial compressively strained layer, 12 the average stress in the damaged layer can be estimated using the modified Stoney's formula
where E is Young's modulus of GaN, is Poisson's ratio, ⌬b is the variation of the wafer bow induced by H implantation, L is half of the profilometer scan length, and t s and t f represent the thicknesses of the substrate and the damaged layer, respectively. Using the data from Fig. 2a -c, the average stress in the implanted region was found to be on the order of −1.4 GPa. It is well known that for direct bonding the wafers should be as flat as possible. 7 The tolerable bows depend on the material properties and wafer thickness. 7 Unfortunately, the observed postimplantation bowing is too high to allow any contacting of the wafers to be paired and bonded. Indeed, our bonding experiments on as-implanted wafers show that the gap between the two surfaces is too large to even permit van der Waals forces to come into play and to initiate the bonding process. Also, our bonding tests under applied forces ͑e.g., a load in the bonding machine͒ have led to a systematic breakage and cracking of the wafers at pressure as low as 200 Ϯ 40 kPa. 13 Therefore, bonding under load does not present a real alternative option.
The use of an intermediate layer as adhesive to "glue" H-implanted fs-GaN to the handle wafer can lead to roomtemperature bonding. However, this approach is not suitable in our case, because the subsequent steps of our process involve thermal treatments at high temperatures, e.g., the splitting at ϳ700°C and the heteroepitaxy of device structures on the transferred GaN layers at ϳ1050°C. To the best of our knowledge, the commonly used adhesive layers cannot stand such high temperatures. Therefore, to avoid any complication in the process, bonding via adhesive layers was not considered in our case. Thus, the main challenge in fs-GaN layer transfer remains the reduction of the post-implantation bow in order to meet the direct-bonding criterion.
As is mentioned above, strain at or below the surface strongly influences the wafer bow. Similarly, a compressively strained layer at the back side of the H-implanted fs-GaN wafer can lead to bow reduction. Mechanical polishing, heteroepitaxy, plasma treatment, and radiation damage are potential processes which can be used to produce a strained layer at the back side of H-implanted wafers. Ion implantation appears to be the most evident choice in our case, because it can be included without any additional setup in the ioncut process. Ga-face H implantation under exact conditions can certainly counterbalance the bow enhancement observed after H implantation at the N face, and the final bow of the wafer to be bonded can be reduced to its initial value. Consequently, direct bonding of these wafers mainly depends on the bow of the original wafers. From data reported in Fig. 2a-c , we see that the unimplanted fs-GaN wafers already exhibit a large bow, which cannot be tolerated in direct bonding. Hence, in this specific case, further decrease of the bow is required in order to meet the bonding conditions. By examining Eq. 1, we note that the bow variation ⌬b scales linearly with the thickness of the damaged layer t f at a fixed value , and vice versa. This means that producing a larger damage band or a higher strain can decrease the bow below its initial value. Because the thickness of the damage band depends on the H-ion energy 14 and strain value varies linearly with the implanted fluence, 15 the bow can be manipulated by adjusting the implantation energy or fluence. Note that the dose can only be increased in a narrow range, because even higher doses may lead to room-temperature GaN blistering during implantation, which is not suitable for device fabrication because it does not permit any bonding or splitting. In this study, we chose to slightly increase the implantation depth while keeping the same ion fluence of 2.6 ϫ 10 17 H/cm 2 . H-implanted fs-GaN wafers were implanted from the back side about 65 nm deeper than the first implantation on the N face. Results of profilometer measurements after double-sided implantations are shown in Fig. 2a-c ͑solid lines͒. As expected, all the wafers exhibit a bow slightly smaller than the initial value. Using this double-sided-implantation direct bonding of H-implanted fs-GaN 2 in. wafers to sapphire wafers has become possible for wafers with a final bow below 8 m ͑e.g., wafer A͒. The final bows of wafers B and C are too high to allow any bonding. Figure 3 displays images of a bonded pair. This achievement presents a critical step toward the heterointegration of high-quality GaN thin layers.
Although back-side implantation is demonstrated to be an effective strategy to achieve direct bonding, one may think that it will present an additional costly step which may hardly justify the need for ion-cutting to achieve cost-effective substrates at the industrial level. Fortunately, it is possible to take advantage of the second implantation. Indeed, the Ga face is also implanted at the optimal fluence; therefore, the bonding of both sides of fs-GaN wafers to two-handle wafers leads to a simultaneous transfer of two thin GaN layers by ion-cutting. Additionally, the presence of a second bonded interface can reduce the impact of the stress induced by thermal annealing. 16 This double-bonding and splitting process is schematically illustrated in Fig. 4 .
Because deeper implantation can affect the concentration of H needed, which may have an impact on the splitting processes, a more accurate control over the back-side implantation dose will be necessary to match the critical H concentration for layer splitting ͑about 13%͒ and simultaneously produce the necessary strain required for bow reduction. In order to verify a possible impact of deeper implantation, we performed calculations by combining Eq. 1 and Monte Carlo simulations code.
14 Our calculations were carried out for wafers with an initial bow ranging from 0 to 30 m ͑Fig. 2d͒. By assuming that the induced strain is only sensitive to the atomic displacements/H ratio, we found that a wafer with an initial bow as large as 30 m can be flattened by back-side implantation at the energy of 100 keV, corresponding to an implantation depth of about 565 nm. The dimensionless dose correction factor ͑DCF͒ is estimated to be 1.16, which means that back-side implantation should be carried out at a fluence of ϳ3 ϫ 10 17 H/cm 2 .
Conclusion
We demonstrated that H-implanted 2 in. fs-GaN wafers can be bonded to sapphire by stress adjustment using back-side implantation. Successful wafer bonding is an essential step toward heterointegration of bulk, quality GaN layers based on the ion-cut process. We suggested a double-splitting process for the simultaneous trans-fer of two thin GaN layers, which makes the fabrication of engineered GaN-on-handle wafers more cost-effective. The doublesplitting strategy outlined in this paper represents a rational approach to the application of direct bonding and ion-cutting for other materials exhibiting a strong bowing during different steps of the layer-transfer process.
